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Abstract 
 In this report the issue of availability of electrical 
circuits, both for magnetic elements and for RF devices, is 
considered. Based on the agreed stages to commission 
and operate the LHC during the first two years, the 
minimum number of required circuits will be presented 
and discussed. The analysis will also consider how to deal 
with not required, but available circuits, as well as a 
possible schedule for making all circuits available for 
operation. 
INTRODUCTION 
The aim of this study is to define the criticality of the 
various magnetic circuits and the devices related with the 
RF. Of course, the outcome of the analysis will strongly 
depend on the scenarios assumed for the commissioning 
of the LHC machine and the plans for the forthcoming 
two years. The boundary conditions are set in the talk by 
R. Bailey [1] and are reported in Fig. 1.  
The various stages of the beam commissioning, in 
terms of beam conditions, are detailed as follows: 
I. Pilot physics run 
  First collisions 
  43 bunches, no crossing angle, no squeeze, 
moderate intensities 
  Push performance (156 bunches, partial squeeze 
in 1 and 5, push intensity) 
II. 75ns operation   
  Establish multi-bunch operation, moderate 
intensities 
  Relaxed machine parameters (squeeze and 
crossing angle) 
  Push squeeze and crossing angle  
III. 25ns operation I 
  Nominal crossing angle 
  Push squeeze 
  Increase intensity to 50% nominal 
IV. 25ns operation II 
  Push towards nominal performance 
As far as a more detailed split of the commissioning 
organisation is concerned, additional information is 
already available since the last Chamonix Workshop [2] 
and it is reported in Table 1. 
In general, it possible to state that the low-order 
corrector circuits, i.e. dipolar and quadrupolar, are 
mandatory since the very beginning of the 
commissioning. The other correctors, however, might be 
really needed only at a later stage. Of course, the analysis 
strongly depends on the actual beam conditions: a change 
in the commissioning strategy might entail a revision of 
the conclusions presented in this paper.  
Table 1: Definition of the stages for the LHC 
commissioning with beam according to the considerations 
presented in Ref. [2]. 
 
 Stage Beam type Intensity 
1 Injection Pilot 5-10×109 
2 First turn Pilot  
3 Circulating beam, RF 
capture Pilot  










6 450 GeV: 2 beams Single bunch, intermediate  
7 Nominal cycle Pilot  
8 Snapback – single beam Pilot ++ 1-2×10
10
 
9 Ramp – single beam Pilot ++  
10  Single beam to physics energy Pilot ++  
11 Two beams to physics 
energy Pilot ++  
12 Physics 1 on 1; 43 on 43 1-4×10
10
 
13 Commission squeeze Pilot ++  
14 Physics partially 

























Figure 1: Overall scheme of the commissioning stages of the LHC, including both the hardware commissioning, the 
commissioning with beam and the first two years of operation. 
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It is important to stress that the analysis presented here 
can be used in different ways. In principle, the 
information concerning the relevance of the various 
circuits could lead to the definition of a priority-list for 
the hardware commissioning. For instance, one could 
envisage delaying the commissioning of a number of 
circuits until the first shut-down of the LHC. On the other 
hand, in case this option turns out not to be the most 
efficient [4], the relevance of the various circuits could be 
used in case of break-down to establish when a repairing 
action is really necessary and when such an action can be 
postponed until the first shut-down. Alternatively, 
unnecessary circuits could be safely switched off or set to 
zero during the commissioning to simplify the machine 
operation during this delicate stage.  
In the following the analysis will start from the 
magnetic circuits to move to the RF devices during the 
beam commissioning and the first two years of operation. 
The approach used is inspired by Ref. [4]. 
MAGNETIC CIRCUITS: 
COMMISSIONING 
By looking at the time-sequence presented in Table 1, it 
is clear that the main emphasis during the first three 
phases will be on trajectory and closed orbit control; 
while starting from stage four, transverse optics plays the 
key role as tune and chromaticity control will be required. 
The RF will be needed only at a later stage. For this 
reason the main focus of this section will be on magnetic 
elements.  
Orbit correctors 
The superconducting dipoles used as orbit correctors 
are evenly distributed in the arcs in the focusing and 
defocusing quadrupoles inside the FODO cell. The overall 
layout of the correctors installed in the arc Short Straight 
Section (SSS) is shown in Fig. 2.  
Figure 2: Layout of the correctors installed in the FODO 
cell of the regular arcs.  
Furthermore, additional cold dipole correctors are 
installed in the Special Short Straight Section (SSSS) 
located in the insertion regions. These correctors are also 
used to generate the crossing scheme in the experimental 
insertions. Furthermore, a number of normal conducting 
dipoles are installed in the cleaning insertions to provide 
the necessary steering capabilities in a highly radioactive 
environment. It goes without saying that the control of the 
injection trajectory and of the closed orbit cannot be 
sacrificed, in particular when the first turn will have to be 
established thus requiring all the active elements to thread 
the beam through. Therefore, one can conclude that all 
dipole corrector circuits are required since Day 1.  
Optics Correctors 
Under this definition are included the various families 
of quadrupoles correctors, namely MQT, used to tune the 
arcs and installed between Q14 and Q21 left and right of 
each arc, MQS, used to compensate the linear coupling 
and installed in Q23 and Q27 left and right of each arc, 
and MQTL, the long trim quadrupoles used to correct the 
optics in the insertions and installed in Q11 in all 
insertions and between Q6 and Q9 in IR3 and IR7.  
The availability of the MQT and MQTL is the 
minimum requirement to guarantee the tunability of the 
optics of the machine.  
As far as the coupling correction is concerned, a good 
correction of the linear coupling is the pre-condition for 
tune measurement. The main source of linear coupling 
comes from the main dipoles (in this respect the feed-
down effects from higher-order multipolar components 
can be safely neglected) and the impact on the coupling 
coefficient 
−














   (1) 
and the tune distance is bounded from below by 
.yx QQc −<
−
    (2) 
According to the estimates presented in Ref. [5] and 
also in Ref. [6] 193.0≈
−
c . Such an estimate, based on 
the knowledge of the field quality of the main dipoles, is 
still valid. This means that the coupling would prevent 
setting the tunes, and also measuring them, to their 
nominal values. As a consequence, all the skew 
quadrupole correctors have to be available since Day 1. 
Sextupolar Correctors 
Three types of sextupolar correctors are foreseen in the 
LHC ring: the sextupolar spool pieces (MCS), the lattice 
sextupoles (MS) and the skew lattice sextupoles (MSS). 
The spool pieces are aimed at correcting locally the 
impact on the beam dynamics of the b3 component in the 
main dipoles. Furthermore, their have a crucial role in the 
compensation of the dynamical effects such as the decay 
and the snap back at the end of the injection plateau (see 
Fig. 3).  
It is worthwhile mentioning that 1 unit of b3 in the main 
dipoles corresponds to 45 units of Q’.  
The specifications for the value of the linear chromaticity 
are derived in Ref. [8] and are given by 
.'',2' yx QQQ =±=       (3) 
Even though these target values have been revised in 
[9], this has no impact on the conclusions drawn here.  
The summary of the average and random sextupolar 
component in the main dipoles as a result of the 
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production quality and the slot assignment following the 
sorting procedure is reported in Table 2 [7].  
 
Figure 3: Example of decay and snap back for the 
sextupolar component in the main dipoles (courtesy 
L. Bottura).  
Table 2: Summary of the sextupolar component 
(systematic and random) for the LHC sectors already pre-
allocated using the sorting algorithm. 
Average b3 in main 
dipoles at injection 
[10-4] 
Rms b3 in main 
dipoles at injection 
[10-4] Sector 
V1 V2 V1 V2 
7-8 -2.12 -2.13 1.61 1.61 
8-1 -4.49 -4.39 1.19 1.17 
4-5 -4.22 -4.29 1.05 1.01 
3-4 -5.51 -5.42 1.40 1.34 
 
It is clear that leaving uncorrected the sextupolar 
component in the main dipoles would generate huge 
chromatic effects.  
Similarly, the lattice sextupoles are needed from Day 1 
as the natural chromaticity is 87',93' −=−= yx QQ and 
it requires correction. 
The skew lattice correctors are four magnets installed in 
each arc. The specification for the value of a3 is derived in 
[8], based on the bound of Q’’, as such a multipole does 
not have any impact on the dynamic aperture. According 
to the most recent data concerning the field quality of the 
main dipoles [10] it turns out that a3 is well within 
tolerances. Hence, in principle, skew sextupole correctors 
might not be needed since Day 1. 
Octupolar Correctors 
Two families of correctors are planned, namely 
octupolar spool pieces (MCO) and lattice octupoles 
(MO), which are installed in SSS not equipped with 
MQTs or MQSs. The octupolar effects to be 
compensated by the MCOs are the b4 component in the 
main dipoles and the feed-down from the decapolar spool 
pieces (MCD). The bounds on b4 are based on both Q’’ 
and the anharmonicity [8]. The actual field quality of the 
main dipoles and the alignment of the spool pieces allow 
to state that the specifications are almost met. However, a 
strong impact on the dynamic aperture is observed [11].  
As far as the MOs are concerned, they are meant to 
combat instabilities. At injection they should be set to 
zero field, while they should be used at top-energy, just 
before setting the beams in collision. In principle, they 
should not be required during the commissioning stage, as 
intensity and number of bunches should prevent 
instabilities to occur [12]. It is worth mentioning that 
under special beam conditions, such as for the TOTEM 
experiment, the high beam brightness could excite beam 
instabilities [13].  
Therefore, the actual field quality of the main dipoles 
could justify not using the MCOs since Day 1, while it 
seems wise to have the MOs ready for use since the first 
stage of LHC commissioning. 
Decapolar Correctors 
The only set of decapolar correctors are the spool 
pieces (MCD) in main dipoles of type A. Once more, they 
are meant to act as local correctors of the b5 component in 
the dipoles, whose target values are given in [8]. The 
actual field quality of dipoles is not within specifications 
(see Fig. 4) and a strong impact on the dynamic aperture 
was observed [11]. 
Figure 4: Time evolution of the decapolar component in 
the main dipoles for the three Firms (from Ref. [14]).  
This suggests that the MCDs circuits should be 
available since Day 1. 
Spectrometer Compensator Magnets 
In IP2 and IP8 spectrometer magnets are foreseen, thus 
requiring for a set of three dipoles in each insertion to 
compensate for the orbit distortion (the layout is shown in 
Fig. 5). Since the first physics run, these compensators 
have to be used. Therefore, they should be already 
commissioned during the first stage of LHC 
commissioning. 
Figure 5: Layout of the spectrometer magnet and its 
correctors for IP2, ALICE, (left) and IP8, LHCb, (right).  
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Nonlinear Correctors in Triplet Quadrupoles 
These correctors (see Fig. 6) are aimed at compensating 
the nonlinear field errors of the key elements of each 
experimental insertion, i.e. the triplet quadrupoles and the 
separation dipoles, in collision. It is well-known that no 
correction is required whenever *β is larger than 1 m. 
This means that they are not needed since Day 1. 
Figure 6: Layout of the nonlinear correctors in the triplet 
quadrupoles.  
The only two types of correctors that might be needed 
are the skew quadrupoles (MQSX) in all insertions and 
normal sextupoles (MCSX) in IP2.  
Two main effects could require the use f MQSXs, 
namely the compensation of the coupling at injection 
from the experimental solenoids and the skew quadrupole 
component in the triplet quadrupoles. The first effect is 
known to be negligible at top energy [15]. However, they 
are expected to generate a 3105 −
−
×≈c [16], which is 
not completely negligible.  
In IP2, the vertical crossing angle combined with the 
requirement of changing periodically the polarity of the 
spectrometer magnet, make it impossible the correction of 
the skew quadrupole multipole due to feed-down from the 
normal sextupole. The MQSXs cannot be used to 
compensate the effect for both beams and a non-local 
compensation performed by using the MQS in the regular 
arcs is not effective. Therefore, the only viable solution 
consists in compensating the sextupolar component by 
means of the MCSX.  
MAGNETIC CIRCUITS: FIRST TWO 
YEARS OF OPERATION 
During these two stages following the initial 
commissioning, the beam conditions will be pushed 
towards the nominal ones. Hence, all the corrector circuits 
will be needed to ensure reaching the nominal machine 
performance.  
RF CIRCUITS 
In the nominal scheme, two modules containing four 
RF cavities each (see Fig. 7) are used to accelerate the 
proton beams. At injection 8 MV are necessary to capture 
the beam, while at top energy the voltage has to be 
increased to 16 MV. This allows dedicating 8 MV to 
compensate for beam loading effects at injection. 
In principle, during the commissioning stage, due to the 
limited bunch intensity it could be envisaged to accelerate 
the beam with only 8 MV, thus sparing one module. The 
main drawback of such an approach is that during the 
initial test of beam capture, it would be advisable to use 
full voltage to reduce the sensitivity to energy errors 
between the SPS and the LHC.  
 
Figure 7: Layout of one RF module.  
In other words, this would correspond to maximising 
the longitudinal acceptance. Hence, it seems safer to start-
up the LHC machine with all the RF modules operational, 
also to have some redundancy in case of failure of one of 
the modules (see, e.g., Ref. [17]). 
CONCLUSIONS 
The analysis presented in this report can be summarised 
as follows: 
• Circuits mandatory since Day 1 
o Orbit correctors. 
o Quadrupole correctors: MQTs, MQTLs, 
MQSs. 
o Sextupolar correctors: MCS, MS. 
o Spectrometer compensators. 
o All RF modules. 
• Circuits required since Day 2: 
o Decapolar correctors: MCD. 
o Octupolar correctors: MCO. 
o Skew quadrupole correctors in the triplets: 
MQSX. 
o Normal sextupolar correctors in the 
triplets in IP2: MCSX. 
o Lattice octupoles: MO. 
• Circuits not required since Day 1: 
o Skew sextupolar correctors: MSS 
o Nonlinear correctors in the triplet 
quadrupoles. 
These conclusions are valid for the LHC 
commissioning stage. Whenever the first two years of 
operations are considered, all the corrector circuits 
foreseen for the nominal machine should be in operation. 
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